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Abstract—In this paper, a static synchronous series compen-
sator (SSSC), along with a fixed capacitor, is used to avoid torsional
mode instability in a series compensated transmission system. A
48-step harmonic neutralized inverter is used for the realization
of the SSSC. The system under consideration is the IEEE first
benchmark model on SSR analysis. The system stability is studied
both through eigenvalue analysis and EMTDC/PSCAD simulation
studies. It is shown that the combination of the SSSC and the
fixed capacitor improves the synchronizing power coefficient.
The presence of the fixed capacitor ensures increased damping
of small signal oscillations. At higher levels of fixed capacitor
compensation, a damping controller is required to stabilize the
torsional modes of SSR.
Index Terms—SSSC, torsional interaction, IEEE first bench-
mark model, eigenvalue analysis.
I. INTRODUCTION
SERIES capacitors are widely used in long transmissionlines to increase power transfer capability and improve
transient stability. However, the extent to which a transmission
line can be compensated with conventional series capacitor is
often restricted by the need to avoid subsynchronous resonance
(SSR). When devices based on power electronics known as
flexible ac transmission system (FACTS) are introduced into a
power system, a more flexible operation and control of trans-
mission networks are obtained [1]. FACTS controllers can be
classified as shunt, series, or phase angle compensating devices
or devices which are a combination of the above three types.
This paper concentrates on series compensation controllers.
These controllers, in addition to realizing the conventional
advantages of series compensation, have the potential to avoid
or damp out SSR. Furthermore, these controllers would also
enable fast control of the power transmitted on the line during
transient power swings, thus allowing the transmission system
to be safely operated much closer to its theoretical stability
limit [1].
Advanced series compensator studies so far have mainly
focussed on thyristor controlled series compensator (TCSC).
However, TCSC suffers from some disadvantages [2]. It injects
low order harmonic components (typically third, fifth, seventh,
and ninth) into the power system because of phase control
of thyristors. Transient response of the circuit is rather slow,
because control of thyristor firing pulse is available only once
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in each half cycle. Deriving a closed-loop model of TCSC is
complicated [3]. Other disadvantages include susceptibility
to parallel resonance due to the presence of inductors and
capacitors in parallel paths.
Static synchronous series compensator (SSSC) is imple-
mented by a GTO-based voltage source inverter that can
provide controllable compensating voltage over an identical
capacitive and inductive range, independent of the magnitude
of the line current [4]. Unlike other series compensators, an
ideal SSSC is essentially a pure sinusoidal ac voltage source
at the system fundamental frequency. Its output impedance at
other frequencies is ideally zero. Thus, SSSC does not resonate
with the inductive line impedance to initiate subsynchronous
system oscillations. Fundamental principles, characteristics,
and potential benefits of SSSC are described in [4]. Application
of a 24-step SSSC for the control of power flow over a trans-
mission line is given in [5]. Design, control, and application of
a 48-step SSSC are presented in [6]. Performance of the SSSC
in the IEEE First Benchmark Model is examined in [7]. In [7],
it is shown that an increase in the conventional fixed series
capacitor compensation increases the damping of small signal
oscillations, whereas the SSSC maintains the damping level
almost constant at a lower level. The effects of the value of
the dc link capacitor of the SSSC on torsional modes are also
studied in [7]. A robust controller based on optimal control
theory has been used to improve the torsional performance of
SSSC [8].
This paper suggests that the SSSC be used as a constant syn-
chronous voltage source in series with a fixed capacitor. This
combination can be effective in avoiding subsynchronous oscil-
lations that may be present in conventional fixed capacitor series
compensation. Furthermore, this approach to series compensa-
tion results in an increased synchronizing power coefficient due
to the fixed series capacitor and reduction of the MVAR rating of
the SSSC. These factors, along with ease of power control, make
the suggested configuration highly attractive for series compen-
sation of transmission lines.
The SSSC consists of a 48-pulse voltage source converter
(VSC), its magnetic circuit, and an interfacing transformer. In
48-pulse VSC, eight identical, elementary six-step inverters are
operated from a common dc bus, each to produce a compatible
set of three-phase, quasisquare wave output voltage waveforms.
The magnetic circuit contains 18 single-phase three winding
transformers and six single-phase two winding transformers [6],
[7]. This connection eliminates all low-order harmonics. The
lowest order harmonic on the ac side is 47th while that on the
dc side is 48th.
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Fig. 1. Single-line diagram of an SSSC compensated power system.
Fig. 2. Phasor diagram of SSSC compensated power system.
II. IMPROVEMENT IN SYNCHRONIZING TORQUE COEFFICIENT
Fig. 1 shows an SSSC (between buses 1 and 2) and a fixed
capacitor combination connected in series with a transmission
line. The SSSC is represented by fundamental voltage source
in series with an impedance. In the analysis presented below,
variables given in uppercase letters denote phasor quantities,
while the instantaneous quantities are given in lowercase letters.
Fig. 2 shows phasor diagram of the system indicating the
voltage phasors and of generator bus and buses 1
and 2, respectively, and the line current phasor . As an ap-
proximation, the small line and SSSC resistance voltage drops
are neglected. indicates the leakage reactance drop in the
SSSC system. The power flow between the generator and bus 1
is given by
where and are shown in Fig. 2.
Since both line and the SSSC are assumed to be lossless, the
same power will flow through the SSSC as well. Assuming the
generator voltage is regulated, the synchronizing power coeffi-
cient [9] is
where is also shown in Fig. 2. It can be shown that is
close to unity, and is small and can be neglected. Thus,
the increase in synchronizing power coefficient is decided by
the reactance of the fixed series capacitor in the line. When
the compensator device is SSSC alone, effective impedance of
the line is equal to the reactance of the transmission line.
Fig. 3. Two-port network connected to infinite bus.
III. SYSTEM MODELING FOR EIGENVALUE ANALYSIS
We shall now demonstrate the damping effects of SSSC
through eigenvalue analysis. To do this, we have to develop a
linear model of the overall system. The linearized models for
the generator and shaft system for IEEE first benchmark model
are well documented. Here, we use the approach given in [10].
A. Combined Generator and Shaft System Model
The linearized state equations are given by
(1)
(2)
where the state vector , input vector , and output
vector are given, respectively, by
and
In the equation just shown, the six mass mechanical system con-
tains the generator , exciter , low pressure A (LPA), low
pressure B (LPB), intermediate pressure (IP), and high pressure
(HP) turbine shafts. The state variable denotes the stator flux
linkage, denotes the transient internal voltage, is the rotor
angle, denotes the per unit slip, and denotes the torque. Note
that the per unit slip is defined as
where is 377 and is the speed of the th shaft in elec-
trical radians/s [10]. Therefore, represents the small signal
change in the per unit shaft speed . The torques be-
tween these shafts are indicated by subscripts. The vector
contains the terminal voltages and the vector contains the
armature currents. The generator electrical quantities are repre-
sented in - domain with respect to the synchronously rotating
frame of the generator. The input and output quantities, how-
ever, are transformed with respect to a common reference -
frame for the entire system.
B. Network Model
The network shown in Fig. 3 can be split into two 2-port net-
works. The linearized equations for the first 2-port network con-
sist of the transmission line and the fixed capacitor. These are
given in - domain [10] as
(3)
(4)
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(a) (b)
Fig. 4. SSSC equivalent circuit. (a) AC side. (b) DC side [6].
where
Note that the subscripts and denote the - components.
The modeling of the other 2-port network is discussed below.
C. SSSC Model
The inverter configuration of SSSC used here consists of
a 48-step inverter and magnetic circuit, which contains 18
single-phase three winding transformers and six single-phase
two winding transformers [6], [7]. The ac and dc side equivalent
circuits are shown in Fig. 4.
In Fig. 4(a), is the voltage injected by SSSC. The se-
ries inductance accounts for the leakage of the interfacing
transformer and transformers in the magnetic structure of the
inverter, while represents the conduction losses of the in-
verter and transformer. In the dc side shown in Fig. 4(b),
is the voltage across the dc capacitor that has a value of ,
the resistance in shunt with the dc capacitor represents the
switching losses, and is the current through the inverter as
seen by the dc side.
The fundamental component of phase-a of the inverter output
voltage is [6], [7]
(5)
where is the turns ratio of the interfacing transformer, is the
fundamental frequency, and is the phase displacement of the
inverter voltage with respect to reference bus.
Normalized per unit equations of the SSSC in DQ frame are
[6]
(6)
where
.
Linearizing (6), SSSC equations can be written as
(7)
(8)
where
and
Note that and are contained in the vector .
These variables appear as input variables in (7) and (8). There-
fore, state vector contains only the dc capacitor voltage
Combining (3), (4), (7), and (8), the overall network
model can be written as
(9)
(10)
where
and
D. Combined System Model
Combining the generator and network models, we get the
overall system equations
(11)
where and
and
IV. SYSTEM STUDIES
The system considered is the IEEE first benchmark model
for SSR analysis [11]. This system is characterized by four un-
stable torsional modes that are distributed in a relatively wide
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TABLE I
EIGENVALUES OF COMPENSATED SYSTEM
frequency range. A steady-state operating point is chosen in
which the machine operates with a power factor of 0.9 while
delivering a power of 0.7 p.u. Self-damping of 0.1 is added to
the shaft. No mutual damping is assumed. Constant field voltage
is also assumed. Infinite bus voltage is 481.33 kV.
A. System Response With a PI Controller
Taking the state variable as the output, the output equa-
tion can be written as
(12)
We now choose a proportional-plus-integral (PI) controller to
compensate for any variation in [6]. The control law in
Laplace-domain is then given by
(13)
Since the dc capacitor voltage is held constant, in the
above equation will be zero. We now combine (11)–(13) to ob-
tain a homogeneous state space equation that can be used for
eigenvalue analysis. A proportional gain of 1.0 and an in-
tegral gain of 500 is chosen as the controller parameters.
The SSSC parameters are given in [7]. The value of dc capaci-
tance chosen based on the guidelines in [7] is 3000 F.
Below, we compare the results of a fixed capacitor compen-
sated line with those of three different combinations of fixed
capacitor and SSSC. In all of the three combinations, it is as-
sumed that the SSSC is providing 0.15-p.u. compensation. The
eigenvalues of four cases are listed in Table I.
With a fixed capacitor of 0.3 p.u., the torsional mode 3 is
unstable. It can be seen that the oscillation frequency of the
subsynchronous electrical mode approaches frequency of tor-
sional mode 3 at this compensation level. When the fixed ca-
pacitor-SSSC combination is used with a capacitor value of
0.15 p.u., all of the torsional modes become stable. It can be
seen from Table I that the damping of the 0th mode increases
with the value of fixed capacitor and so does the synchronizing
power coefficient (imaginary part of the 0th mode). Further-
more, when the value of the fixed capacitor is large, the system
gets destabilized despite the presence of the SSSC. This is ev-
ident from column 4 of Table I in which the torsional mode
4 is unstable. Results of the eigenvalue analysis are validated
through PSCAD/EMTDC simulation. In practice, it is not fea-
sible to measure the firing angle with respect the infinite bus.
Thus a local bus between the generator and SSSC is chosen for
setting the angle reference. This had the added advantage that
the control system requires only the local measurements. The
firing angle of the SSSC with respect to the local bus 1 in Fig. 1
is 93.45 (lagging).
A bolted, three-cycle, three-phase to ground fault is created
between the SSSC and the infinite bus when the system is op-
erating in steady state for 0.5 s. System responses are shown in
Fig. 5. The response of the system, when the compensation is
provided only by a fixed capacitor, is shown in Fig. 5(a). The
system is unstable under the influence of torsional interaction
(mode 3). The results of Fig. 5(b) are shown for the fixed capac-
itor-SSSC combination when each of them is providing a com-
pensation of 0.15 p.u. (column 2 of Table I). It is evident from
this figure that the system has now been stabilized. Fig. 5(c) de-
picts magnified version of the LPA-LPB torque corresponding
to the one shown in Fig. 5(a). It can be seen that the frequency
of this unstable mode 3 is approximately 160 rad/s or 25 Hz.
Fig. 6 shows line current, dc capacitor voltage, injected voltage,
and the firing angle of the SSSC with respect to the local bus.
B. System Response With a Damping Controller
The results presented before show that when high values of
fixed compensation are used along with SSSC, torsional modes
become unstable. Damping of the torsional modes can be in-
creased by an auxiliary controller which modulates the output
of the PI controller. Fig. 7 shows the block diagram of the con-
troller, in which the auxiliary signal is the small signal
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(a) (b)
(c)
Fig. 5. System response to bolted three-phase fault in (a) fixed capacitor, (b)
capacitor plus SSSC compensated power system, and (c) magnified LPA-LPB
torque of (a).
Fig. 6. Line current, dc capacitor voltage, injected voltage, and firing angle of
SSSC.
change in per unit generator speed. The output vector in state
(12) will become
Taking the Laplace transform of (11) and (12), we have the
state equations in frequency domain
(14)
The input signal in this case has two parts. This is given by
(15)
where being the transfer function
of the PI controller and is given by
consists of a wash out block and a second order lead
compensator whose parameters are selected to provide damping
at higher (torsional) frequencies. Combining (14) and (15), we
get a homogeneous state space equation of the form
Then, the characteristic equation of the closed loop system is
given by
(16)
Fig. 7. Block diagram of the SSSC PI and damping controllers.
TABLE II
TORSIONAL MODES WITH DAMPING CONTROLLER
(a) (b)
Fig. 8. System response to large signal fault in capacitor plus SSSC (0:3+0:15
p.u.) compensated system. (a) Without damping controller. (b) With damping
controller.
The parameters of the damping controller are chosen as
Table II shows the critical eigenvalues of the closed loop
system when damping controller is used. Without the damping
controller, when fixed capacitor compensation level is 0.3 p.u.
and SSSC compensation level is 0.15 p.u., the torsional mode
4 is unstable (Table I). When damping controller is used, it is
obvious from the table that the damping for all torsional modes
is increased.
In order to illustrate the effectiveness of the damping con-
troller, nonlinear time domain simulation is performed as be-
fore and results are shown in Fig. 8. In this, Fig. 8(a) shows the
system performance when the damping controller is not used.
In accordance with the 4th column of Table I, the system is un-
stable as the oscillations in the LPA-LPB mode are growing. The
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system is stabilized with the damping controller. This is evident
from Fig. 8(b).
V. CONCLUSION
Addition of an SSSC in a series compensated power system
provides superior performance characteristics and application
flexibility not achievable by conventional series capacitors. The
voltage source nature of the SSSC can stabilize the unstable
torsional modes of a fixed capacitor compensated transmission
system as it increases the damping of the torsional and network
modes. The presence of series capacitor increases the synchro-
nizing power coefficient. It also improves the small signal sta-
bility of power system. Reduction of the MVAR rating of the
SSSC is an added advantage of the combination. High values of
capacitive reactance can cause torsional interaction. An auxil-
iary controller that modulates the output of the PI controller can
stabilize the torsional modes. Thus, with the combination of the
SSSC and damping controller, the amount of fixed compensa-
tion can be increased without endangering the system stability.
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